Recent studies suggest that a family of proteins known as 'IQGAPs', which contain several previously characterized sequence domains that could connect cell-signalling pathways to the actin cytoskeleton, are involved in forming actin rings during cytokinesis.
Mammalian proteins known as 'IQGAPs' are a classic product of modern molecular biology. They were originally identified as putative Ras GTPase-activating proteins (GAPs), on the basis of amino-acid sequence similarity [1, 2] , but do not appear to bind to Ras or have GAP activity [3] [4] [5] . The function of IQGAPs in mammalian cells is still unknown, but two groups have shown recently that the Saccharomyces cerevisiae homolog of mammalian IQGAPs, Iqg1p/Cyk1p, is a component of the actin ring which forms during cytokinesis in this yeast [6, 7] . These observations shed new light, not only on the function of IQGAPs, but on the mechanism of cytokinesis in budding yeast.
What is an IQGAP?
Members of the extended family of IQGAP-related proteins are characterized by the presence of a number of regions related in sequence to domains that have been defined previously in other proteins. These include: a RasGAP-homology domain (GRD), a calponin homology (CH) domain, an SH3-mimicking (WW) domain, internal repeats (IR), and calmodulin-binding (IQ) motifs ( Figure 1 ). Not all of these domains are conserved among species, raising questions about how functionally equivalent IQGAP-related proteins really are.
Our picture of IQGAPs is complicated by related proteins in other organisms which share some of the properties and motifs of the mammalian proteins, but lack others. Closely related, but shorter, proteins have been found in both the fission yeast Schizosaccharomyces pombe (Sar1) and the soil amoeba Dictyostelium discoideum (a protein independently discovered by two groups as DdRasGAP1 and DdGAP1, and referred to as DdGAP1 in this review, and a second, related protein called DdGAPA). S. pombe Sar1 appears to be a genuine GAP for Ras1 [8, 9] . Dictyostelium DdGAP1 and DdGAPA are required for cytokinesis [10] [11] [12] , although it is unclear whether they work through a Ras pathway or if they are really functional equivalents of IQGAPs.
Interactions with small GTPases
GTPases of the Ras superfamily vary widely in the cellular processes that they control, but most are regulated by bound nucleotide and are active only in the GTP-bound state. Hydrolysis of the bound GTP to GDP can be catalysed by GAPs, which are thought thereby to inactivate the GTPase or change its interactions. Many GAPs have multiple domains, suggesting that they may also contact downstream effectors. Mammalian IQGAPs are similar to other GAPs in having multiple domains connecting them to Rac and Cdc42 small GTPases as well as possible downstream targets.
The GAP-like domains of IQGAP-related proteins are only weakly conserved ( Figure 1 ). Rather than functioning as a GAP, the GAP-like domains of the two mammalian IQGAPs, IQGAP1 and IQGAP2, are necessary for interaction with the small GTPases Rac or Cdc42 [3, 4] , although other parts of the IQGAP molecule may also be important for this interaction. Binding of a GTPase to IQGAP2 promotes the active, GTP-bound state in two ways: it A comparison of domain composition of IQGAP-related proteins from various organisms. Each of the various IQGAP-related proteins is compared with mammalian IQGAP1 in domain structure and overall sequence identity. For the C. elegans IQGAP-related protein, Sar1, DdGAPA and DdGAP1, the comparison was carried out using the program MACAW [27] ; for S. cerevisiae Iqg1p/Cyk1p, the comparison was taken from [6, 7] . Sar1 and the Dictyostelium IQGAPrelated proteins are also compared with each other. inhibits the intrinsic GTPase, and can also prevent binding to p190RhoGAP and thereby protect against inactivation [3] . IQGAP2 binds equally well to GTP-or GDPbound Rac or Cdc42 [3] , whereas IQGAP1 prefers the GTP-bound forms of both [4, 5, 13] . Binding to Rac or Cdc42 may regulate the activities of IQGAPs, including their interactions with the actin cytoskeleton [14] .
The S. cerevisiae IQGAP Iqg1p/Cyk1p [6, 7] shows only 17% identity to the mammalian proteins in its GAP-related domain ( Figure 1 ), and no binding has been detected to any GTPase [6] . This may reflect differences in the mechanism of cytokinesis in yeast and mammals, particularly with respect to the role of small GTPases. Little is known about the possible GAP or GTPase-binding properties of the other known IQGAP-related proteins.
IQGAPs bundle actin filaments
IQGAP1, IQGAP2 and Iqg1/Cyk1p can all bind to actin filaments. It has been suggested that this interaction is mediated via the calponin-homology (CH) domain [6, 15] ( Figure 1 ). CH domains are found in many actin-binding proteins, such as filamin and α-actinin, and also the protooncoprotein Vav [3, 4, 13] ; the sequence of Caenorhabditis elegans IQGAP-related protein also shows a CH domain [16] ( Figure 1 ). Mammalian IQGAP1 crosslinks actin filaments in vitro [14, 15] , perhaps because of its ability to form dimers. The inter-subunit interactions in IQGAP1 dimers are thought to be mediated by the six IR domains. At least in the case of the mammalian [15] and C. elegans sequences, the IR domain region is predicted to form a coiled-coil structure [15] (Figure 1 ). IQGAP2 and Iqg1p/Cyk1p do not show strong coiled-coil tendency in this region [3] , but we shall have to await more biochemical or structural data before we know how these molecules behave.
At least in vitro, the oligomerization and actin-filament crosslinking activities of IQGAP1 can be regulated by Cdc42. GTP-bound Cdc42 causes a marked increase in actin-bundling by IQGAP1, whereas GDP-bound Cdc42 has no effect [14] . Fukata et al. [14] estimate that the IQGAP1 concentration in cells is about 300 nM, high enough to suggest that the protein has a significant role in cytoskeletal reorganization. Such actin crosslinking could play an important part in the formation of filopodia or other actin-related structures induced by activated Cdc42.
IQ motifs and WW domains
Mammalian IQGAP1 and IQGAP2 each contain four IQ motifs, which mediate binding to calmodulin in vitro and in cell lysates [3, 4, 17] . Calmodulin binding is thought to regulate the interactions of the IQGAP with actin [17] and with small GTPases [17] . Calmodulin can prevent IQGAP1 from interacting with either actin or Cdc42, but while calcium must be bound to calmodulin for the latter effect, only calcium-free calmodulin prevents IQGAP1 binding to actin. Thus, calcium may be an additional modulator of IQGAP function or association with the cytoskeleton.
The stoichiometry of calmodulin binding to IQGAP1 in vivo appears to be less than the maximum of four calmodulins per IQGAP1 molecule [17] . However, it is not known whether the number and position of bound calmodulins is variable in vivo, and whether this can regulate the interactions of IQGAP1 with its targets. IQGAP proteins vary in their number of IQ motifs -S. cerevisiae Iqg1p/Cyk1p has eight [7] , C. elegans IQGAP-related protein has at least two, and Dictyostelium DdGAPA and DdGAP1 each has one putative IQ motif [12] (Figure 1 ).
Mammalian IQGAPs also have a WW domain, which can mediate binding to proline-rich peptides, such as PPXY and PPLP (in the single amino acid code, where X can be any amino acid). The WW domain thus may mimic an SH3 domain, which is also known to bind to proline-rich peptides. WW domains are also found in dystrophin, YAP (a YES-protooncogene-binding protein) and 38D4 (a Dblrelated protein) [3, 4] , but are not found in the C. elegans, S. cerevisiae, or Dictyostelium IQGAP-related proteins, and little is yet known about their in vivo functions.
IQGAPs in cytokinesis
Careful analysis of the cellular localization of IQGAP-related proteins will be important for understanding their functions in different organisms and cell types. In S. cerevisiae, Iqg1/Cyk1p is diffusely distributed in the cytoplasm until cells form a bud, whereupon the protein becomes concentrated in the bud neck in a ring [6, 7] . Dictyostelium DdGAP1 was purified from the actin-rich cortical fraction of cells [10] , but nothing is yet known about the cellular localization of DdGAP1 and DdGAPA. Mammalian IQGAPs appear to be cytoplasmic proteins that are enriched in lamellipodia and cell-cell junctions but not in stress fibers [4, 5, 13, 15] ; it will be interesting to see whether they are also found in the cleavage furrow during cytokinesis.
IQGAPs from S. cerevisiae and Dictyostelium have essential roles in cytokinesis [6, 7, [10] [11] [12] ; whether this is also true of mammalian IQGAPs is not yet known. It has generally been considered that cytokinesis occurs by a rather different mechanism in budding yeast cells than in mammalian or Dictyostelium cells: mammalian cytokinesis involves an actomyosin-based contraction of the cleavage furrow to pinch dividing cells apart. In contrast, budding yeast grow a bud and then eventually build a cell wall between the mother and daughter cells. Lippincott and Li [7] have suggested, however, that the actin-myosin ring that forms during cytokinesis in S. cerevisiae may have a contractile role similar to that of the mammalian cleavage furrow.
Some of the events of S. cerevisiae cytokinesis are outlined in Figure 2 , in particular the sequence of assembly of septins (filamentous proteins found in the cytokinetic ring during cell division), Myo1p, Iqg1p/Cyk1p and actin. Actin cables and patches are the two main actin-containing structures in interphase yeast cells (Figure 2a) . The actin patches are thought to be roughly equivalent to the cortical actin of mammalian cells and show rapid motility and turnover. The actin cables may be more stable tracks along which actin-based motors run. Actin cables and patches both become polarized during the cell-division cycle, and they are thought to play an active role in dividing up the cellular contents and maintaining polarity (Figure 2b ).
Septins and Myo1p both form rings in the early stages of bud formation (Figure 2b ). Iqg1p/Cyk1p forms a part of the cytokinetic ring before filamentous actin accumulates at the ring [7] (Figure 2c ). Once Myo1p, Iqg1p/Cyk1p and actin have been recruited to the cytokinetic ring, actin patches accumulate at the septum; this may be the time at which the septum wall is formed (Figure 2d ). At this stage, the ring may also contract, as many cells show a constricted ring. Contraction could be triggered by any number of cellular events. One possibility, suggested by Lippincott and Li [7] , is that disassembly of septin filaments is the trigger.
Several lines of evidence suggest an active role for Iqg1p/Cyk1p in recruiting or organizing filamentous actin in the cytokinetic ring. First, Iqg1p/Cyk1p null cells do not form actin rings [7] . Second, Iqg1p/Cyk1p localization is not dependent on polymerized actin, as concentrations of latrunculin sufficient to depolymerize the F-actin in cells do not alter Iqg1p/Cyk1p localization in the division ring [6] . Furthermore, overexpression of Iqg1p/Cyk1p causes premature accumulation of actin in the cytokinetic ring [7] . Iqg1/Cyk1 null cells do not have a defect in polarizing their other actin structures, patches and cables, or in polarizing actin during sporulation, indicating that the defect is specific to the cytokinetic ring and that patches and cables are not sufficient for cleavage [6, 7] .
In Dictyostelium, DdGAPA is required specifically for completion of cytokinesis [12] , whereas DdGAP1 is required for cytokinesis and during development [10, 11] . It is possible that these two proteins, which show 51% sequence identity, have an overlapping function. When the genes encoding both proteins are inactivated by mutation, cytokinesis fails completely, but if either is inactivated alone, cytokinesis is only partially impaired (H. Adachi, personal communication). It is unclear whether the Dictyostelium IQGAP-like proteins are present in the cleavage furrow, but a deficiency of DdGAPA does not seem to block assembly or contraction of the actin ring [12] . DdGAPA-deficient cells -like calmodulin mutants -appear to fail in the final breakage of the midbody between dividing cells.
It is interesting that the GTPases RacE [18] and RasG [19] are both required for normal cytokinesis in Dictyostelium, so there may be a direct connection with the GAP-related proteins DdGAP1 and DdGAPA. Similarly, Cdc42 is required for cytokinesis in Xenopus eggs [20] , but the involvement of IQGAPs in cytokinesis in Xenopus or mammals has not yet been explored. This is different from S. cerevisiae, where Iqg1p/Cyk1p probably does not bind to Cdc42, and Cdc42 is probably not required for cytokinesis [6] .
Other actin-binding targets of small GTPases
IQGAPs are among a handful of newly identified target molecules for Rho, Rac and Cdc42 that are thought to be important for regulation of the actin cytoskeleton. These targets, including Rho-kinase, formins and a close relative of the Wiscott-Aldrich syndrome related protein called N-WASP, bind both to Rho family small GTPases and to either actin or an actin-binding protein. Rho-kinase, which induces phosphorylation of myosin light chains, is important in the assembly of stress fibers induced by Rho activation [21, 22] . The formins, which include p140mDia [23] , bind to Rho GTPases (Rho and Cdc42) and also to the actin-binding protein profilin and are involved in cytokinesis and actin cytoskeletal organization.
WASP family proteins also appear to be important regulators of the actin cytoskeleton. WASP was originally identified as a Cdc42-binding protein [24] , but it is not thought to be required for the formation of Cdc42-induced filopodia. The close relative N-WASP, however, can directly induce the formation of filopodia in cells [25] . WASP is found primarily in cells of the immune system, and N-WASP primarily in neuronal tissue [25] . (IQGAPs also exhibit tissue specificity in mammals, with IQGAP1 most abundant in lung, kidney and placenta, and IQGAP2 primarily restricted to the liver [3] .) The S. cerevisiae WASP homolog, Bee1p, has been shown to play a part in the regulation of the actin cytoskeleton, but it does not bind to Cdc42 [26] .
Athough proteins classed together as members of a family such as the IQGAPs or the WASPs appear to be related, the functions and interactions of the various family members may differ in significant ways both within and between species. Although general principles are clearly conserved, we cannot always assume that related proteins will perform the same functions in different organisms or cell types. The diversity and specificity of the targets for small GTPases in the Rho family further suggests that Cdc42, Rac and Rho may not act near the top of a simple linear cascade in cells. They may work as molecular switches controlling specific events, depending upon the target molecules to which they are bound.
